Recent evidence for a CP violating asymmetry in the semileptonic decays of B s mesons cannot be accommodated within the Standard Model. Such an asymmetry can be explained by new physics contributions to ∆B = 2 components of either the mass matrix or the decay matrix. We show that mixing with a hidden pseudoscalar meson with a mass around 5 GeV can result in a new CP violating contribution to the mixing and can resolve several anomalies in this system including the width difference, the average width and the charge asymmetry. We also discuss the effects of the hidden meson on other b physics observables, and present viable decay modes for the hidden meson. We make predictions for new decay channels of B hadrons, which can be tested at the Tevatron, the LHC and B-factories.
Introduction
In recent years, we have seen many new experimental measurements in the neutral B meson system both from the B-factories and the Tevatron. While most observations agree well with the Standard Model (SM), there are a few disagreements at the 2 or 3σ level. Recently, the D∅ collaboration has announced evidence for a charge asymmetry in the number of like-sign dimuon events [1] , which can be interpreted as a CP violating asymmetry in B s meson oscillation rates and semileptonic decays. 
where Γ 12 s is the off diagonal term in the B s decay matrix resulting from interference between B s and B s decays, and m 12 s is the ∆B = 2 mass mixing term. In the SM, the dominant contribution to m 12 s is proportional to the weak Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix elements (V tb V * ts ) 2 while Γ 12 s is approximately proportional to (V cb V * cs + V ub V * us ) 2 − [8m 2 c /(3m 2 b )](V cb V * cs + V ub V * us )V cb V * cs . CKM unitarity constrains V ts V * tb to equal −V cs V * cb − V us V * ub , predicting [2, 3] 
therefore the SM prediction for the asymmetry is unmeasurably small, making the charge asymmetry an interesting place to look for new physics.
Several other observables in the B s system are in marginal disagreement with the SM. From the particle data group (PDG) [4] , the average lifetime of the neutral B s mesons is τ Bs = 1.472
+0.024
−0.026 ps and the lifetime of the neutral B d mesons is τ B d = 1.525 ± 0.009 ps. The ratio of those two lifetimes is τ Bs /τ B d = 0.965 ± 0.017, which exhibits a 1.8σ deviation from the SM prediction of 1.00 ± 0.01 [5, 6] .
Using the measured width of the B d (we assume that new physics does not modify the mixings in the B d system throughout this paper), the SM model prediction of the average width of B s is Γ s (SM) = 0.654 ± 0.008 ps
while the measured average width is Γ s = 0.680 ± 0.012 ps −1 .
The time-dependent CP asymmetry in B s → J/ψ Φ decay also determines various mixing parameters in the B s mesons. Using the combined results from D∅ and CDF [7, 8] 2 ) × 10 −4 (we assume that the new physics contribution in the B d system is small) and combining with the explicit measurement a s sl = −(1.7 ± 9.1) × 10 −3 [10] , the charge asymmetry for "wrong-charge" semileptonic B s -meson decay is a s sl = −(12.5 ± 4.8) × 10 −3 . The SM prediction is a s sl (SM) = (2.1 ± 0.6) × 10 −5 [3] , which is off from the measured quantity by 2.6σ. The three quantities ∆Γ s , φ sl s and a s sl are not independent. We have the following relation among them [11] 
The mass difference is measured very precisely: ∆m s = 17.78 ± 0.12 ps −1 . Using the central value of ∆m s and combining the measured values of a s sl and ∆Γ s , we find a good fit with
which are off from the SM predictions by 0.9σ and 2.6σ, respectively. As we are anticipating new physics contributions to Γ 12 s which do not necessarily contribute to B s → J/ψ Φ decays we distinguish the fit to β J/ψφ s from the fit to φ sl s . In constrast, the measured mass difference in the B s system and the ratio of the mass differences between the B s and B d systems can be used to extract CKM matrix elements which are in fair agreement with those extracted from other observables, although there is room for an O(20%) contribution to either mass difference from new physics [12, 13] .
New physics can in principle contribute to both Γ 12 s and m 12 s . It is not possible to get a good fit to the dimuon asymmetry obtained by D∅ in terms of a new contribution to m 12 s alone [14, 15] . When the SM value of Γ 12 s is used in Eq. (5), fitting the leptonic asymmetry requires an unphysical value for the phase φ sl s , sin φ
A better fit is obtainable via a new contribution to Γ 12 s , which also can better fit the modest deviations of Γ s and ∆Γ s from the SM. A general feature of models with new contributions to Γ 12 s is that, in contrast with models which only modify m 12 s , the relation φ sl s = −2β J/ψφ s does not hold [16] .
Effective higher dimension operators offer a general approach to any short distance new physics.
Most attempts to explain the charge asymmetry have considered new short distance contributions [17, 18, 19, 20, 21, 22, 23, 24, 25] . In terms of B s and B s and decays into SM light particles, one can incorporate new physics by writing down effective operators and finding their allowed new decay channels. This approach reveals the difficulty of obtaining large new contributions to Γ 12 s , and of obtaining a good fit to all available data. New dimension 6 contributions to ∆B = 2 operators contribute only to m 12 s . It is theoretically straightforward to construct theories which will produce such contributions which are comparable to those of the SM, since the SM ∆B = 2 operators occur only at the one-loop level and furthermore are proportional to small off-diagonal V CKM elements.
Obtaining a new short distance contribution to Γ 12 s requires ∆B = 1 operators which can contribute to b quark decay. The SM ∆B = 1 operators are produced at tree level and so for new short distance physics to be important, there must be new tree level contributions to b quark decays which are comparable to the contribution of the SM weak interactions. This is difficult to reconcile with the many successes of the SM in predicting lifetimes and branching fractions of B hadrons. Furthermore any new particles contributing to b quark decays at the tree level also can produce ∆B = 2 operators at the one loop level, and so should give a large contribution to m 12 s . A recent analysis of the constraints on nonstandard ∆B = 1 operators which could contribute to Γ 12 s has been given in Ref. [26] . It is however conceivable that new physics could also occur at longer distance scales, and would have escaped notice so far provided it is sufficiently weakly coupled to the SM particles. In this paper, we explore in a concrete model how new, weakly coupled physics at the several GeV scale can give a large contribution to Γ 12 s while giving a contribution to m 12 s which is smaller than that of the SM. In particular, we assume that there is a new spin-zero particle, called ζ, which can mix together with B s and B s . Although the amount of mixing could be small (otherwise a large modification on ∆m s is anticipated), provided ζ has a much larger width than the B s , ∆Γ s can be increased to match the experimental value even with a very small mixing between ζ and B s , B s . As the amount needed to increase ∆Γ s is comparable to the amount needed for the discrepancy in Γ s , such a model may explain both anomalies. Furthermore, if the mixing parameters between ζ and B s , B s contain new CP violation phases of order unity, a large φ sl s may be obtained to explain the charge asymmetry. This new light scalar particle ζ, which has a weak coupling to the SM particles, has many possible origins from a model building point of view. In this paper, we take a purely phenomenological approach. We treat this particle as a generic pseudoscalar, which for instance could be a Pseudo Nambu-Goldstone Boson (PNGB). For example, it may behave as a familon [27] from some spontaneously broken approximate family symmetry. Or it may be a meson in a hidden sector, perhaps composite. The ζ particle may decay directly into SM particles or into other hidden states, which then decay into SM particles.
To have new contributions to ∆Γ s , one should have ζ mixed with B s and B s . Such mixing can also modify ∆m s . Simply from perturbation theory, one can estimate that the modifications on the widths are proportional to the square of the mixing angles, while the modifications on the masses have an additional factor proportional to the mass difference of ζ and B s or B s . So, without doing detailed calculations, if the anomalies can be explained by mixing with another state, the contribution to ∆m s can be reduced provided the new particle mass is close to the average B s meson mass: M ζ ∼ m Bs .
Our paper is organized as follows. We will first describe the interactions of this new scalar field in Section 2, then we will diagonalize this three-particle system in Section 3. In Section 4, we perform a χ 2 based analysis to determine the best-fit region of the model parameter space. After that, we discuss various viable decay channels and conclude in Section 5.
Interactions of this New Scalar Field
In this section, we will focus on flavor changing interactions of the new spinless particle with b and s quarks and leave its interactions with other particles for Section 5.
For our analysis, it is convenient to take ζ to interact with SM fermions dominantly through derivative couplings, as would be the case for a PNGB. General flavor changing interactions may be written as
Here, M ζ is the PNGB mass; ψ j denotes mass eigenstate SM fermions; and F is a parameter which could be the spontaneous symmetry breaking scale of some global symmetry. The flavor-dependent couplings g ij V and g ij A are in general complex numbers. Other couplings could also exist, but will not be relevant for this part of our analysis. We will consider some other interactions in Section 4 and 5.
The general interaction terms to describe the off-diagonal couplings with second and third generation quarks are
In a model where ζ is related to the breaking of global flavor symmetries, we would anticipate g bs V,A ∼ g tc V,A , if the up-type quarks and down-type quarks transform similarly. In principle, this new particle ζ can also couple to the first-generation quarks. We assume that such couplings are small and neglect them.
For the first operator in Eq. (9), we integrate it by parts and use the following matrix element
yielding mass mixing terms between ζ and B s , B s
with α ≡ arg(g bs A ) and f 2 ≡ |g bs A | f Bs m 2 Bs /F . With f Bs ≈ 0.231 ± 0.015 GeV [28] and m Bs = 5.3663 ± 0.0006 GeV, we have
We work in a basis where m 12 s is real in order to give physical, reparameterization invariant, meaning to the phase α. If α is not zero, a new source of CP -violation enters the B s and B s system. The ζ field may decay into other light particles in its own hidden sector, or into SM particles. At this moment, we will simply assume it has a non-negligible width Γ ζ and come back its decays later.
So, in the model we are considering, there are four parameters needed to compute the effects of mixing with ζ on the B s system: M ζ , Γ ζ , f and α.
Diagonalization of the Mass Matrix
The mass-squared matrix can be written in the basis (B s , B s , ζ) as 
which can be diagonalized by the following unitary matrix as
where we have assumed that f 2 |m 2 Bs − M 2 ζ | and only kept the leading terms. From the above equations, one can see that when f = 0, all three mixing angles are zero and the ζ is decoupled from the B s and B s system. When f 4 ∼ ∆m Bs m Bs |M 2 ζ − m 2 Bs | and α = O(1), the mixing angle θ 12 is of order unity. While for f 4 ∆m Bs m Bs |M 2 ζ − m 2 Bs |, θ 12 ≈ −α and θ 13 ≈ 0. In the diagonalized basis (B 1 , B 2 , B 3 ), the three mass eigenvalues are
Including the decay width matrix and working in the basis (B 1 , B 2 , B 3 ), we need to diagonalize the following effective Hamiltonian
Considering the relative phase between M s 12 and Γ s 12 is small in the SM, we neglect the phase of Γ s 12 from now on. We also choose the phase convention such that ∆m Bs and Γ s 12 are both positive quantities. Noting that Γ s , Γ s
12
∆m Bs , we use the ordinary perturbation theory to calculate the eigenvalues and eigenvectors. The three eigenvalues are calculated to be
Neglecting terms suppressed by 1/(m 1 − m 3 ) and 1/(m 2 − m 3 ), the formulae of the mass eigenstates of the two lighter one in terms of flavor eigenstates are
The mass and width differences of the heavy state and the light state are
The average width is
From Eqs. Neglecting the effects of ζ in the B s and B s oscillation, we use the traditional formula to calculate the charge asymmetry
When α = 0 and no new CP violating physics exists, we have θ 12 = θ 13 = 0 and hence a s sl = 0. In order to compare to the observables both in the charge asymmetry and in the B s → J/ψ Φ decay, we calculate the phase φ sl s and β J/ψΦ s in our model tan φ
In this section, we want to use this new model to fit the five observables in the neutral B s meson system. We first summarize the various experimental values and the SM predictions in Table 1 . To quantify the goodness of fit from the new physics, we define the following χ 2
with O i represents the five observables. Neglecting new physics contributions or setting f = 0, we have χ 2 (SM) = 14.0, which indicates a large discrepancy between the SM and those five observables.
We first look at the case with an approximately massless PNGB. Since the two-body decay process 
Neglecting M ζ and requiring Γ spec < δΓ B d = 0.09 ps −1 , we have a constraint on f < 1.1 × 10 −3 GeV.
Although a pretty good fit can be found for the approximately massless case, the allowed region is ruled out by the constraint from Γ B d . The best fit has χ 2 = 2.0, and we present 68% and 90% contours around the best-fit region of our model parameters in Fig. 1 . We therefore conclude that the mass of the ζ field cannot be light compared with the b-quark mass. decay channels open. The three-body decay width is related to the width Γ ζ because an off-shell ζ mediates the three-body decay. To be concrete, we assume that ζ can decay into two light scalar fields a via the interaction κ ζ a 2 /2, where κ has mass dimension one. The light scalar field a can subsequently decay back into SM particles. Detailed discussions about possible decay channels will be presented in Section 5. We have the two-body decay width Γ ζ as
Defining the Yukawa coupling λ ≡ m b |g bs A |/F and neglecting the mass of a, the three-body decay width, Γ 3 (B d → K + a + a) through an off-shell ζ, is calculated as
For λ = 10 −5 and |κ| = 1 GeV, we calculate this decay width using Calchep [29] and show it in Fig. 2 . 
In the following, we will impose the constraint Γ 3 < δΓ B d = 0.09 ps −1 .
We present the allowed parameter space in Fig. 3 . In the left panel, we first fix the decay width as Γ ζ = 0.001 GeV, and then calculate the total χ 2 by marginalizing α. We have found a region of parameter space providing a much better fit to the five quantities in Table 1 than from the SM.
The best fit can have χ 2 = 2.0. The right panel is similar to the left one but with Γ ζ = 0.01 GeV.
As can be seen from those plots, the ζ is preferred to have a mass close to the B s meson. This is because when M ζ ∼ m Bs , one can have fairly large changes to the quantities ∆Γ s and a s sl without a large contribution to ∆m s . Comparing those two plots, one can see that the plot with a larger Γ ζ has more parameter space ruled out by the three-body decay width, which can be understood simply from Eq. (31). To illustrate the goodness of our fit, we report the results for one point of our parameter
For those numbers, we have the following model prediction 
which has good agreement with the experimental measured values and has a total χ 2 = 3.2 compared to χ 2 = 14.0 in the SM. We also report the charge symmetry as a s mod sl = −5.0 × 10 −3 for this point. We present the best-fit region in the Γ ζ and f plane by fixing a specific ζ mass M ζ = 5.2 GeV in prefers Γ ζ within 10 −4 − 10 −2 GeV. The best-fit region is not ruled out by the three-body decay width of B d . In this plot and to have weak coupling between ζ and its decay products, we don't extend the width of ζ to be above 1 GeV, which is around 20% of its mass. In the right panel of this figure, we present the allowed region in α and f for fixed values of M ζ = 5.2 GeV and Γ ζ = 0.002 GeV.
Discussion of New Meson Decay Modes and Conclusions
From the best-fit region in the left panel of Fig. 4 , the width of this new pseudoscalar particle should be above 10 −4 GeV. We have only considered the total width constraint on various B meson decays so far. For some decay products from ζ, more stringent bounds may be applied. Again, considering only two-body decays of ζ to SM particles and neglecting the final state masses, the coupling λ ζ of ζ to SM particles should be above ∼ 0.1.
We first consider the situation where the ζ directly decays into two SM particles. Due to the strong constraints on branching ratios of B d to K 0 plus e + e − , µ + µ − , νν, π + π − , K − π + and K + K − , we are left with options ζ → e + τ − , µ + τ − , τ + τ − ,cu, andcc. The anomalous magnetic dipole moments (g −2)/2, which is approximately λ 2 ζ /(4π 2 )(m 2 τ /M 2 ζ ) 2 , are constrained to be smaller than ∼ 10 −11 , ∼ 10 −9 , and ∼ 10 −2 for the electron, muon and tau, respectively. So, the two channels ζ → e + τ − , µ + τ − are ruled out. For the τ + τ − channel, which is also pointed out recently in Ref. [30] , one may worry about direct searches, for example at LEP II. While the production cross section e + e − → τ + τ − ζ → 2τ + 2τ − with M ζ = 5.0 GeV and λ ζ = 0.1 is ∼ 1 fb and the total luminosity at LEP II is around 0.7 fb −1 .
One may also worry about the modification on the width of the Z boson decays. The decay width of Γ(Z → τ + τ − ζ) ≈ 0.013 MeV for M ζ = 5.0 GeV and λ ζ = 0.1, which is also below the measurement error of m Z = 91.1876 ± 0.0021 GeV. Therefore, we conclude that the τ + τ − channel is allowed.
The ∆C = 1 couplings ζc u can contribute to an effective ∆C = 2 operator which is highly constrained by D 0 − D 0 mixing, giving rise to a mass difference of order
compared with the measured value of [31]
which constrains λ ζ to be less than ∼ 2×10 −6 . We also note that if the coupling of ζc u is CP -violating, the constraint from D 0 and D 0 mixing is even more constraining.
For the ζcγ 5 c couplings, we have mixing of ζ with the η c which gives rise to δm ηc ≈ 0.3 MeV, which is below the experimental error m ηc = 2980.5 ± 1.2 MeV. After fragmentation, we anticipate
and Br(B s → J/ψ η) are estimated to be around 10 −4 in our model, which is below but close to the current experimental errors [32, 33, 34] . So, we have two allowed two-body decay channels of ζ: τ + τ − andcc.
Also possible are three body decays, e.g. ζ → cūa, with a a new stable particle. If a differs from its own antiparticle then it is possible to avoid an excessive contribution to ∆C = 2 operators. We anticipate ζ → D(π s)X with X denoting missing particles. Making a three-body decay consistent with a large enough Γ ζ is difficult however, due to phase space constraints.
A third possibility is to have ζ first decay into other lighter particles in the hidden sector and then have those lighter particles decay back to the SM particles. If ζ decays into two identical particles a, We also have the option of ζ decay into two different light particles a 1 and a 2 . Now, we can have more combinations of final state particles with a 1 and a 2 decaying into different SM model particles.
More specially, we can have one particle a 2 to be semi-stable and missing particle if its couplings to SM particles are weak enough to escape the detector. However, we can not allow both a 1 and a 2 to be (semi)stable particles because of the constraint from Br(B d → K 0ν ν) < 1.6 × 10 −4 .
A fifth possibility, which may be difficult to constrain, is that ζ decays into 2a 1 followed by decays of the a 1 particle into SM particles and a hidden particle a 2 , where a 2 may be semistable and escape the detector.
We summarize the simplest allowed decay modes of ζ in Table 2 . The new decay modes should
Decay Modes
Direct decay account for approximately 3.5% of the total width of the B s using the best-fit region in Fig 3. So, if future experimental results find those new decay modes of B s in Table 2 but not for B d , our prediction for this new state ζ would be confirmed.
Before we end our paper, we make comments about the second operator in Eq. 
From Eq. (12) and Fig. 3 , we see that if g tc A ∼ g bs A the explanation of anomalies in the B s symmetry in the familon framework predicts this branching ratio should be around 10 −7 , which may be tested at the LHC.
In summary, we have shown that several anomalies in the B s system can be explained simultane- s . More precise measurements of those two quantities would therefore distinguish our explanation of anomalies in the B s system from other approaches. Our motivation for this model is to better fit experimental data, and we have not attempted to justify the naturalness of the model or to discuss the theoretical implications of such a new particle or particles, other than to make sure the model can be consistent with other experimental results. However we note that light pseudoscalars resulting from spontaneously broken approximate symmetries are common in models of flavor physics and/or dynamical electroweak symmetry breaking at the weak scale, as well as in models with new strongly coupled hidden sectors, which have a variety of theoretical motivations.
It may seem somewhat surprising or coincidental that an exotic hidden meson should have a mass which is rather close to that of the B s , however this is the simplest viable way we are aware of to get a large contribution to Γ 12 s . 
